The effect of the Ta/Nb ratio in the (111) the Ta content up to 50 mol% but decreased at 75 and 100 mol% presumably due to the reduced specific surface area and high density of structural defects, such as grain boundaries acting as recombination centers, originated from high-temperature nitridation for prolonged periods. Transient absorption spectroscopy provided evidence for the effect of the Ta/Nb ratio on the behavior and energy states of photogenerated charge carriers, indicating a direct correlation with photocatalytic water oxidation activity of BaNb 1−x Ta x O 2 N.
Introduction
As an artificial photosynthesis process, photocatalytic water splitting, in which molecular hydrogen and oxygen are directly dissociated from water molecules using semiconductor photocatalysts and solar energy, has been regarded as one of the most economical processes to produce clean and renewable hydrogen energy on a large scale. [1] [2] [3] [4] [5] Layered compounds (AB 2 Nb 3 O 10 and ALaNb 2 O 7 (A = H, K, Rb, Cs; B = Ca, Sr)) consist of negatively charged perovskite layers and A + cations in the interlayer gallery have also been demonstrated to be semiconductor photocatalysts for water splitting. 6 As is known, electrons and holes are generated in sheets upon light irradiation, commencing the redox reactions with reactant molecules adjacent to the layers. Maeda 10 and LaNb 2 O 7 ) as photocatalysts for H 2 evolution from water containing 2-propanol under UV light irradiation and found that the tilting of NbO 6 octahedra in the perovskite layers affects the overall photocatalytic activity.
Among layered oxides, (111)-layered perovskites A 5 M 4 O 15 (A = Sr, Ba; M = Ta, Nb) have also exhibited high photocatalytic activity for water splitting under UV light. [8] [9] [10] [11] rinsing with water and drying.
Characterization
The X-ray powder diffraction data were collected in a flatsample transmission geometry on a STOE STADI P X-ray diffractometer with Mo Kα1 radiation (λ = 0.709260 Å) and a position sensitive detector with a 6°aperture. Rietveld refinement was performed using the FULLPROF program, 19 and profile function 7 (Thompson-Cox-Hastings pseudo-Voigt convoluted with axial divergence asymmetry function) 20 was used in all refinements. The resolution function of the instrument was obtained from the structure refinement of silicon standard (Sigma-Aldrich, ∼325 mesh, 99% trace metals basis). The refined parameters included the scale factor, zero-point of detector, background parameters, lattice parameters, atomic occupation factors of Nb/Ta, atomic position coordinates, isotropic atomic displacement parameters (B iso ) and asymmetric parameters. The X-ray diffraction (XRD) patterns of oxynitride samples were acquired with a MiniflexII (Rigaku) diffractometer under Cu Kα radiation (λ = 0.15418 nm) in the 2θ scan range of 20°to 70°and compared with entries from the ICDD-PDF-2 powder pattern database. The scanning electron microscopy (SEM) images were taken with a JSM-7600F fieldemission-type scanning electron microscope (JEOL), at an acceleration voltage of 15 kV, interfaced with energy-dispersive X-ray spectroscopy (EDS). The ultraviolet-visible (UV-Vis) diffuse reflectance spectra were recorded on a JASCO V-670 spectrophotometer equipped with an integrating sphere, and BaSO 4 was used as a reference. The Brunauer-Emmett-Teller (BET) specific surface area was determined from the N 2 adsorption-desorption isotherm measured with a BELSORPmini instrument (BEL Japan, Inc.) at 77 K after degassing the sample at 120°C for 12 h. The surface chemical compositions of oxynitride samples were analyzed by X-ray photoelectron spectroscopy (JPS-9010MC, JEOL) under nonmonochromatic Mg Kα radiation (1253.6 eV). The XPS profiles were fitted using a Gaussian-Lorentzian function, and the peak positions were normalized by positioning the C 1s peak at 284.5 eV. The concentration of major cations in oxide and oxynitride samples was analyzed by inductively coupled plasma optical emission spectrometry (SPS5510, SII Nanotechnology Inc. 
Photocatalytic water oxidation test
The photocatalytic water oxidation half-reactions were performed in a side-irradiation-type reactor connected to a closed gas circulation system, equipped with a gas chromatograph (GC-8A, TCD, Ar gas carrier, Shimadzu) and a vacuum pump, under visible light irradiation (300 W Xe lamp with a cutoff filter (λ > 420 nm)) using 100 mg of BaNb on the two crystallographic sites B1 and B2 (Table 1) for B-site atoms was refined and subjected to the total site occupancy being unity and the constraint of the chemical composition.
For all samples, isotropic atomic displacement parameters (B iso ) were constrained to be equal for all oxygen atoms despite (Table 2) .
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This journal is © The Royal Society of Chemistry 2016 their occupation at different crystallographic sites to prevent them from tending to small negative values when refined independently. Fig. 1a -e show the observed, calculated and the difference profile for the final cycle of the structure refinement. The final structure parameters of Ba 5 Nb 4−x Ta x O 15 , Bragg factor R B , crystallographic factor R F and other Rietveld R-factors are given in Table 1 . As shown in Fig. 1f , the crystal structure of Ba 5 Nb 4−x Ta x O 15 belongs to the B-cation deficient hexagonal perovskite-like A n B n−1 O 3n , in which the n − 1 layers of BO 6 octahedra are extended along the (111) planes. 26 The effect of the Ta/Nb ratio on the morphology of Ba 5 Nb 4−x Ta x O 15 crystals was observed by SEM, and the results are shown in Fig. 2 . As shown in Fig. 2a, 
Atoms/positions
Parameters crystals have an idiomorphic shape with developed faces, whereas large Ba 5 Ta 4 O 15 crystals are somewhat in the form of truncated octahedra (Fig. 2e) . Both samples contain large and small crystals but the difference between the sizes of large and small crystals is greater in the latter one. With the increasing Ta/Nb ratio, the Ba 5 Nb 4−x Ta x O 15 (x = 1-3) crystals became less faceted and gained their platelet-type hexagonal crystal habits with the thickness of <0.5 µm and lateral size of <8 µm ( Fig. 2b-d) as a result of the mixed NbO 6 -and TaO 6 -octahedra, lowering the total interfacial energy and leading to anisotropic growth. As suggested by Madaro et al., 31 the connectivity of octahedra can determine the aspect ratio of the crystals. The ultraviolet-visible (UV-Vis) diffuse reflectance spectra of Ba 5 Nb 4−x Ta x O 15 crystals are plotted in Fig. 3 . The Ba 5 Nb 4−x Ta x O 15 crystals exhibited a strong absorption in the ultraviolet region due to the band-to-band transition. With the increasing Ta/Nb ratio, the absorption edge was gradually shifted toward shorter wavelengths (from 345 to 311 nm), confirming that Ba 5 Nb 4 O 15 has a slightly smaller band gap (E g = 3.59 eV) compared to Ba 5 Ta 4 O 15 (E g = 3.98 eV), and Ba 5 Nb 4−x Ta x O 15 crystals can be applied in UV-light-driven photocatalytic processes.
The XRD patterns of the BaNb 1−x Ta x O 2 N (0 ≤ x ≤ 1) samples are shown in Fig. 4 . Clearly, the diffraction patterns of the samples are almost identical to that of BaNbO 2 N, which is in good agreement with the cubic perovskite structure with the space group Pm3m (ICDD PDF 84-1749). The complete phase transition from hexagonal Ba 5 Nb 4−x Ta x O 15 to cubic BaNb 1−x Ta x O 2 N was succeeded by high-temperature nitridation for an extended period without forming any impurity phases. With the increasing Ta/Nb ratio, the diffraction peaks were slightly shifted toward a higher angle, expediting the contraction of the lattice parameters due to the replacement of niobium by tantalum in the BaNbO 2 N lattice. Apparently, the number of large pores in the BaNb 1−x Ta x O 2 N crystal structures was reduced with the increasing Ta/Nb ratio. The EDS element mapping images and spectra (Fig. S1 in the ESI †) and ICP-OES results (Table 3) confirm that tantalum and niobium are homogeneously distributed, and the Ta/Nb molar ratio is close to the stoichiometric mixtures of starting materials. The UV-Vis diffuse reflectance spectra of BaNb 1−x Ta x O 2 N (0 ≤ x ≤ 1) are shown in Fig. 5 . The absorption edge of BaNbO 2 N is found to be at approximately 720 nm and is slightly shifted toward shorter wavelengths (λ ≈ 690 nm) with the increasing Ta/Nb ratio, evidencing an increment in the optical band gap. The intensity of background absorption, stemming from the existence of reduced niobium species and anion deficiency, beyond the absorption edge wavelength, is gradually declined with the increasing Ta/Nb ratio. The digital images suggest that the color of the BaNb 1−x Ta x O 2 N powders is changed from dark brown to light brown with the increasing Ta/Nb ratio, showing the difference in light absorption due to the change in the optical band gap. The XPS core-level spectra of Ba 3d, Nb 3d, Ta 4f, O 1s, and N 1s of BaNb 1−x Ta x O 2 N (0 ≤ x ≤ 1) are shown in Fig. 6 . In the Ba 3d spectra, two peaks are observed at 795.56 and 780.34 eV, representing the 3d 3/2 and 3d 5/2 components, respectively. The Nb 3d 5/2 and Nb 3d 3/2 peaks appear at 207.22 and 209.96 eV, respectively, confirming that niobium is entirely in the oxidation state of +5. The Ta 4f 7/2 and Ta 4f 5/2 peaks noted at 26.12 and 28.11 eV can be assigned to Ta 5+ . With the increasing Ta/Nb ratio, the intensity of the Ta 4f peaks is gradually increased, while the intensity of the Nb 3d peaks becomes less pronounced and eventually disappears. The deconvoluted O 1s peaks centered at 530.84 and 532.05 eV are associated with lattice oxygen and surface adsorbed oxygen, respectively. The N 1s peaks appearing at about 395 and 399 eV are ascribed to lattice nitrogen and surface-adsorbed nitrogen species and interstitial nitrogen, respectively. 32 With the increasing Ta/Nb ratio, the N 1s peak at 395 eV became more pronounced, while a contrary event was seen in the peak at 399 eV, suggesting that more nitrogen was possibly introduced substitutionally into the lattice with a higher tantalum content. However, in order to quantify the exact concentrations of interstitial and substitutional nitrogen present in the samples and to distinguish surfaceadsorbed nitrogen species with interstitial nitrogen, further studies are needed. An increase in the Ta/Nb ratio led to the introduction of more substitutional nitrogen reaching its limited amount and further displacing nitrogen into an interstitial location in BaNb 1−x Ta x O 2 N. Interestingly, a decrease in the Ta/Nb ratio displayed a contrary phenomenon. Since the top of the valence band of BaNbO 2 N is less positively positioned than the oxidation potential of H 2 O/O 2 (1.23 V), an isolated N 2p narrow band, which consists of interstitial nitrogen and is located just above the valence band maximum (VBM) mainly composed of hybridized O 2p and N 2p states, can additionally contribute to the enhancement of photocatalytic water oxidation activity of samples with higher Ta/Nb ratios due to their enhanced light absorption and narrowed band gap. 35, 36 The reaction time courses of O 2 evolution over (Table 3 ) and high density of structural defects, such as grain boundaries that may act as recombination centers, originating from the prolonged hightemperature nitridation. To better understand the complex carrier dynamics associated with the photocatalytic water oxidation, the BaNb 1−x Ta x O 2 N (0 ≤ x ≤ 1) samples were further studied by transient absorption spectroscopy (TAS), and the TA spectra of BaNb 1−x Ta x O 2 N (0 ≤ x ≤ 1) after the band-gap photoexcitation are shown in Fig. 8 . Clearly, all samples showed absorption peaks at 15 000 cm −1 assignable to photogenerated holes. Similarly, absorption peaks located in the visible light region were also observed previously for LaTiO 2 N, 21, 22 BaTaO 2 N, 38 and Ta 3 N 5 . 34 The intensity of the absorption peaks at 15 000 cm −1 was notably changed with the Ta content (Fig. 9a) . That is, the intensity increased with increasing the Ta content up to 50 mol% but decreased at 75 and 100 mol%. The number of surviving holes is larger in the order of BaNb 0.5 Ta In the case of absorption from 14 000 to 3000 cm −1 , the spectral shape was drastically changed with increasing the Ta content. Namely, the negative absorption was observed for BaNbO 2 N, whereas a very broad and positive absorption was noted for BaTaO 2 N. As a result, the absorption intensity at 10 000 cm −1 was monotonically increased with increasing the Ta content (Fig. 9b) , of which BaTaO 2 N (100 mol% Ta) exhibited the highest intensity. The broad absorption is assigned to deeply trapped electrons and/or holes at the defects, whereas the negative absorption is ascribed to some bleaching effects. 39 Absorption in the mid-IR region (<4000 cm −1 ) is associated with free electrons and/or shallowly trapped electrons. 38 The number of surviving electrons observed at 1400 cm −1 was increased with increasing the Ta content up to 75 mol% and slightly decreased at 100 mol% (Fig. 9c) . The above results suggest that the number of surviving holes (Fig. 9a ) is strongly correlated with the photocatalytic activity for O 2 evolution (Fig. 7) , i.e. the greater the number of surviving holes the higher activity is. It is worth to mention here that if the number of surviving holes is higher, the number of surviving electrons should also be higher. 40 However, the contradicting fact noticed here is accounted for the overlapping with the negative broad absorption at 14 000-3000 cm −1 . In the steady-state absorption spectra, shown in Fig. 5 and S2 in the ESI, † the broad absorption is already present at 10 000 and 1400 cm −1 for BaNbO 2 N without a pump pulse. The absorption intensity was monotonically decreased with increasing the Ta content. As reported, 41 this broad absorption assigned to electrons trapped at the defects is present for BaNbO 2 N but absent for BaTaO 2 N. That is, the absorption intensity was gradually increased by filling the defects with electrons. Therefore, the negative absorption in the TA spectra of BaNbO 2 N is ascribed to the optical bleaching effects. 39 That is, when the trapped electrons existing before irradiation are photoexcited, the number of trapped electrons decreases. Therefore, it is concluded that the absorption intensities at 10 000 and 1400 cm −1 do not precisely reflect the actual number of trapped-and free electrons, respectively. This is the reason why the absorption intensity at 10 000-1000 cm −1 is not correlated with the photocatalytic activity results (Fig. 7) but the intensity at 15 000 cm −1 is well correlated with photocatalytic activity for the water oxidation of BaNb 1−x Ta x O 2 N (0 ≤ x ≤ 1). 
Conclusions
In summary, we studied the effect of the Ta/Nb ratio in the ( revealed that Ba 5 Nb 4−x Ta x O 15 crystals were well crystallized in the space group P3m1 (no. 164). The highest O 2 evolution rate (127.24 µmol in the first 2 h) was achieved with the Ta content at 50 mol%, and a further decrease at 75 and 100 mol% was assumed to be the result of the reduced specific surface area and high density of structural defects, such as grain boundaries acting as recombination centers. The outcome from transient absorption spectroscopy led us to a better understanding of the effect of the Ta/Nb ratio on the behavior and energy states of the photogenerated charge carriers as well as photocatalytic water oxidation activities of BaNb 1−x Ta x O 2 N (0 ≤ x ≤ 1) crystal structures.
